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On Association of Seismic Lineaments and Stress Patterns of the
Southeastern United States: Criteria of Failure
Paper No. 9.02
A.A. Nowroozi
Professor of Geological Sciences, Old Dominion University, Norfolk, Virginia

SYNOPSIS It is generally agreed that shallow focus, low magnitude, crustal earthquakes are caused by a sudden frictional
movement on preexisting faults, and that the orientation of the faults may be delineated by locations of past earthquakes. The
spatial distribution of a large number of epicenters in the Southeastern region of the United States may be interpreted in terms of
many linear patterns. These patterns indicate weak fracture zones which are conveniently called seismic lineaments.
Orientations of the seismic lineaments are mostly NE-SW, NW-SE and N-S within the Piedmont and Coastal Plain Provinces,
but they are nearly N-S, and NE-SW within the Blue Ridge, and Valley and Ridge Provinces. Azimuthal distribution of the seismic lineaments shows a dominant N30°E direction while azimuthal distribution of the available crustal stress orientations for
this region indicates a dominant N60°E direction. Based on Anderson theory of faulting for this dominant orientation of the
seismic fracture patterns and the dominant direction of the stress pattern, the frictional angle of crustal rock, <1>, is estimated to
be about 30°. From a linear frictional law for failure and the two dimensional stress system the maximum shear and principal
stresses are calculated. Results indicate that sliding on a weak fracture plane can occur for a wide range of angle P between the
sliding plane and the principal stress axes, mean stresses, cohesive shear strengths, and rock frictional angles <1>=30±10°. The
maximum shear and principal stresses on the sliding planes are calculated for a range of parameters, as a function of p. The
plots of the maximum shear and principal stresses indicate a very broad "U" shaped curve, where the minimum values vary
from 0.68 to 2.3 Kbars for the maximum shear and from 3.23 to 17.84 Kbars for the maximum principal stresses respectively.
For cohesive shear strength of 0.5 Kbars and frictional angle <1>=30°, the maximum shear stress of 0.68 Kbars and maximum
principal stress of 3.23 Kbars occur at P=60° corresponding to the N30°E direction of the observed seismic lineaments.

of the second largest event in this region, the Gile County
event of 1887, intensity VIII, magnitude 5.8, again remains
speculative (Bollinger, 1981 ). The difficulty is due to the relatively low seismicity level of this region and it is compounded by a particular regional geology that conceals the
causative earthquake fault with a thick cover of coastal plain
sediments. As Quaternary faults are lacking, York and Oliver
( 1976) studied relation of seismicity to the Cretaceous and
Cenozoic faulting in the eastern North America and reported
a casual relation and correlation among seismicity, focal
mechanism solutions and faults. Nowroozi (1993) also found
a possible casual relation among Cretaceous Tertiary isolated
fault exposures, fold axis, boundaries of plutons, dikes, border faults of the Triassic basins and magnetic lineaments, and
presented a preliminary seismotectonic map of this region.

INTRODUCTION
The purpose of this paper is to discuss the possible tectonic
mechanisms of seismicity in the southeastern United States
and present conditions for failure on a weak sliding plane.
Earthquakes in this region occur at a shallow depth in the
crust; a majority of them are between I 0 to II km and have
magnitude less than 3.0 (Bollinger and others, 1991;
Nowroozi, 1991 ). Many researchers believe that the shallow
crustal earthquakes are produced, generally, as a result of
faulting when the state of stress around a volume of crust
exceeds the crustal strength. When there are weak zones in
the crust, such as older faults or fracture zones, they may be
reactivated and produce smaller low magnitude events prior
to the main faulting. There is no report of any observed fault
rupture following recent seismic events, or any evidence of
Quaternary faults in the Southeastern region of the United
States (Wentworth and Mergner-Keefer, 1983). Seismic
sources here are basically unrecognized even for the largest
earthquakes. For example the Charleston earthquake of
1886, intensity X, magnitude 6.7, is the largest event in the
region; however, after many years of targeted research for its
source determination, there is still no agreement among
experts (Dewey,1985; Bollinger and others 1991). The source

In this paper I attribute seismicity to weak planes, or fracture
zones, then evaluate the relation between the seismic activity
and stress system by interpreting the seismic pattern in terms
of short lineaments, which are traces of fracture zones or
weak planes with the earth surface.
The state of stresses in the eastern region of the United States
is also not well understood. Sbar and sykes ( 1973, 1977) used
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several focal mechanism solutions and in situ stress measurements and deduced a northeast to east-direction for the maximum compressive axis; while Wentworth and Mergner-keefer
(1983) used the general north to northeast strike of the faults
with Miocene and younger age and suggested a northwest
direction of maximum horizontal principal stress axis.
Bollinger and others ( 1991) reported on 44 earthquake focal
mechanism solutions for this region. Their solutions have
mostly strike slip character on steeply dipping planes, with
right-lateral motion occurring on northerly planes, or left-lateral motion occurring on the companion easterly planes.
Furthermore, they stated that except for few cases in central
Virginia, the average orientation of the compressional axes is
sub-horizontal with northeasterly trends. Zoback and Zoback
( 1989), and Zoback and other ( 1991) compiled the orientation and relative magnitudes of in situ tectonic stress in the
continental United States from a number of stress indicators.
I will use data of Zoback and others (1991) to determine the
dominant direction of stress orientation in this area.

Newberry (Piedmont), and Charleston (Coastal Plain) where
some dip-slip mechanisms are seen. For example, Talwani
( 1982) interpreted a change of faulting pattern with depth at
the Charleston area. He reported reverse faulting on a steeply
dipping plane for earthquakes in the 4 to 8 km depth interval
and strike-slip faulting for events in the 9 to 13 km range.
Talwani( 1990) postulated nucleation of the intraplate earthquakes at intersections of preexisting zones of weakness as a
working hypothesis. He also considered landward extension
of the northwest-trending Blake Spur, and Norfolk fracture
zone, with the northeast trending fault systems as areas with
high seismicity. McKenzie ( 1969) argued that the stresses
causing shallow earthquakes and the occurrence of earthquakes along fault plane suggest that events occur by failure
on weak planes, rather than by fracture of homogeneous
crustal material. Nowroozi ( 1993) discussed the north-south,
northeast-southwest, and northwest-southeast trends of seismicity associated with preexisting crustal weak zones.

Reding ( 1984) estimated the magnitude of crustal stresses in
the North American plate and predicted an east northeast orientation of stress pattern for the ridge-push and driving basaldrag models using a finite-element numerical scheme. He
estimated that the magnitude of ridge push forces per unit
length of ridge are from 1* 1014 to 5* 1012 N/m, depending
on the formulation used for estimation and values chosen for
various thermal constants. Furthermore, he adopted a plate
with thickness of 5 *I o3 m , thus the ridge force may produce
a stress of 200 Kbars to 10 Kbars in the North American
Plate. Engelder ( 1993) estimated 4* 1012 N/m, for the ridge
push forces, this force will produce a stress of 8 Kbars for a
crust of 5 km thickness which is in agreement with the previous estimation.

Expanding on these ideas, I have evaluated the relation
between the seismic activity and stress system by interpreting
the seismic pattern as a result of failure on preexisting zones
of weakness, Figure I. All epicenters from 1698 to 1987
which had MM intensity more than IV are plotted. Intensities
are given in Arabic rather than Roman numerals on the
Figure 1. About seventy short line segments of various directions are drawn through the epicentral position of earthquakes. The lines or seismic lineaments, are considered to be
the intersection of the weak planar zones with the earth's surface. As Talwani ( 1990) pustulated a high concentration of
events appear to occur where the weak zones or the seismic
lineaments intersect.
The frequency distribution of the seismic lineaments is given
in Figure 2. A majority of directions are within the N31 OOE
to N30°E, with a prominent trend at the N30°E.

In this paper after presentation of data and evaluation of the
dominant directions of seismic lineaments and stress patterns,
I apply the dynamic theory of faulting by Anderson ( 1951) to
estimate the frictional angle, then I discuss conditions for
failure on a weak plane using the two dimensional stress theory of Jaeger and Cook ( 1969). Furthermore, I present magnitude of maximum shear and principal stresses for several
sets of parameters.

ORIENTATION OF TECTONIC STRESS FIELD
Sbar and Sykes ( 1973) suggested a uniform northeast to east
compressive stress orientation for an area from west of the
Appalachian Mountain to the middle continent, based on several focal mechanism solutions and in situ stress measurements. Zoback and Zoback ( 1989) and Zoback and others
( 1991) compiled the orientation and relative magnitudes of in
situ stress in the North America, from a variety of stress indicators. Zoback and Zoback ( 1989) reported that the stress
orientation from the Great Plains east to the Atlantic continental margin is generally between northeast to east. The
stress map for the southeastern area of United States, Figure
3, is redrawn from the stress map of North America by
Zoback and others (1991 ).

ORIENTATION OF SEISMIC LINEAMENTS
Barosh ( 1986) stated that most of the seismic sources in the
eastern part of the United States appears to be related to
northwest-trending fracture zones that commonly have apparent right-lateral strike slip offset, where they cross broad
northeast-trending belts of vertical movements. In addition,
he reported on earthquakes which are related to north-trending extensional fault zones. As stated earlier Bollinger and
other ( 1991 ), however, reported that focal mechanism solutions in this region exhibit predominantly strike-slip faulting,
but there are few exceptions at central Virginia (Piedmont),
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A frequency distribution of the data for the southeastern
region indicates that a majority of the stress axes have directions between the N40°E and N130°E; however, a dominant
direction of N60°E is clearly observed, Figure 4. We will see
later that this direction is in agreement with the dominant
direction of the seismic lineaments for a frictional angle of
30°.

where O"m=(O"J+0"2) /2, and 'tm=Ccrl-0'2) /2,
are mean stress and maximum shear stress respectively.

(4)

The frictional coefficient ll is related to the frictional angle <I>
by:

(5)

j.l= Tan<l>.
90

75

85

The angle~ for which failure should occur is related to the
angle <I> by:

40

~=±45°±<1>/2.

0

90

100

(6)

Equation (6) gives the position of maximum shear stress
Jaeger( !962). We will estimate the magnitude of angle <I> by
plotting the azimuthal frequency distribution of the seismic
lineaments and compressional stresses in a polar form, Figure
5. We note that the prominent stress direction is N60°E;
assuming a frictional angle <I> as 30°, equation (6) gives
~=±60°; this is the angle between normal to the failed plane
and the cr 1 axis, thus the failed plane would make an angle of
±30° with respect to the greatest principal stress axis, cr 1.
Therefore the prominent fracture may occur at either N30°E
or N90°E direction. Both directions are equally likely, but
generally only one of them develops; in our case the N30°E
direction which is the dominant orientation of the seismic lineaments is observed.

200 Km

85

Fig. I. Epicentral Alignments in the Southeastern United
States.
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FRICTIONAL ANGLE AND CRITERIA FOR FAILURE
We follow the two dimensional theory of Jaeger and Cook
(1969) to formulate criteria for failure which is sliding on a
plane of weakness. Let cr 1 and cr2 be the greatest and least
principal stress axes respectively. Consider a plane of weakness whose normal makes an angle of~ with the cr 1 axis.
Experimental work of several authors (Donath 1961; Byerlee
1978) shows that there is a linear relation between shear
stress and normal stress when shear fracture develops.

70
280

w

80

270
260

100
110

Let us assume a linear law between shear and normal stresses
for this purpose:
(I)

where 't, S 0 , j.l, and cr are shear stress, cohesive shear
strength, frictional coefficient and normal stress respectively.
It can be shown (Jaeger and Cook, 1969) that:

180

s

(2)

Fig. 2. Frequency distribution of seismic lineaments in the
Southeast region.

621

85
/

40

....,

320

;.~~ ')i'

..-;£

~::::-

- ... .:'-'I/

/

v ....

~

/

"

""

....

35

w

/
LEGEND
Focal Mechanism
Breakouts
~ Hydraulic Fracturing
- - Stress Relief
- - FaultSIIp

-

'
90

40

.-

"
.....

30

0

.;/

..,

""
---

35

N

75

80

1

85

80

280

80

270

90

260

100

E

30

75
130

Fig. 3. Stress Distribution in the Southeast region, after
Zoback and others ( 1991 ).
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Fig. 5. Superposition of frequency distribution of seismic lineaments, (inner polar graph), and stress orientation, (outer
polar graph). The angle between the prominent stress orientation and the prominent orientation of seismic lineament is the
frictional angle; for details see the text.
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Criteria for failure may be established by substituting (2) and
(3) in (I); the result for the maximum shear stress is:

80

270
260

(7)

100

and for the maximum principal stress is:

110

a 1=l2S 0 +a2 [Sin2P+!l( l-Cos2P)J l/
[Sin2P-!l( I +Cos2P)].

(8)

Equation (7) gives half-value of stress difference, or maximum shear stress, in term of So, 11. am, and pas conditions
for failure, while equation (8) gives criteria of failure for
value of the maximum principal stress a! in term of a2 and
other parameters.

180

s
Fig. 4. Frequency distribution of stress in the Southeast
region.

A numerical calculation is made for various parameters in
equation (7) and (8). Maximum shear stress 'tm and principal
stress a 1 are defined for <I><P<Crt+<l>)/2 and <I><P<rt/2 respectively; the ranges give the shear angles p, where failure can
occur; the minimums of both 'tm and a! occur at P=<l>/2+rt/4.

However, as both orientations of stresses and seismic lineaments have a wide distribution, the error in <I> may be as
much as ±10°.

Figure 6 gives variation of 'tm for So=0.5 Kbars, am=2.0
Kbars, <1>=20, 30, 40 and 50° as a function of p. Minimums
of 'tm for which failure occurs depend on <l> and are approximately 1.15, 1.43, 1.67, and 1.85 Kbars and occur at P=55,

Thus assuming <1>=30±10° the conjugate shears may develop
at ± 30± I 0° from the maximum principal stress direction,
which is in very good agreement with data presented in
Figure 5.
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60, 65 and 70' respectively. Figure 7 gives variation of 'tm
for So=O.l, 0.5, 1.0, and 1.5 Kbars, when <1>=30', and
O'm=2.0 kbars. Minimums are approximately 1.09, 1.43, 1.87,
2.30 Kbars and occur at ~=60'. Figure 8 gives variation of
'tm for O'm= 0.5, 1.0, 1.5, and 2.0 Kbars, when So=0.5 kbars,
and <1>=30'. Minimums are approximately 0.68, 0.93, 1.18,
and 1.43 Kbars and occur at ~=60' as expected.
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Fig. 8. Variation of 'tm with ~. where So=0.5 kbars, and
<1>=30', and O'm=0.5, 1.0, 1.5, and 2.0 kbars respectively.
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Values of cr1 are also calculated for various parameters. For
So=0.5 Kbars, 0'2=2.0 kbars, <I>= 20 ,30, 40, and 50', minimums occur also at ~=55, 60, 65, and 70' respectively, and
approximately are 5.51, 7.73, 11.34, and 17.84 Kbars for
each value of <I> respectively, Figure 9. For 0'2=2.0 Kbars,
<1>=30', So=0.1, 0.5, 1.0, and 1.5 Kbars, minimums are
approximately 6.35, 7.73, 9.46, and 11.20 Kbars and occur at
~=60', Figure 10. For So=0.5 Kbars, <1>=30', 0'2=0.5, 1.0,
1.5, and 2.0 Kbars, minimums are approximately 3.23, 4.73,
6.23, and 7.73 Kbars and occur at ~=60', Figure 11.
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eaments and stresses, the error in this angle may be as much
as I o·; thus, our estimated range of this coefficient for the
upper crust where failure occurs is 0.364-s;l..l-::; 0.839.
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Byerlee ( 1978) examined a large body of experimental work
and presented 't=0.85cr for normal stresses cr less than 2
Kbars, and 't=0.5+0.6cr for normal stresses cr more than 2
Kbars, where 0.85 and 0.6 are the coefficient of friction, and
0.5 Kbars is the shear strength So. Our estimate of the frictional coefficient is in a good agreement with his results. In
our numerical calculations we have used So=0.5 Kbars
which he determined as well as So=O.l, 1.0, and 1.5 Kbars to
see the effect of it on •m· and O'J, Figure 7 and 10 respectively.
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Shear Angle, Deg.

Linear model in which •m increase with depth is not yet
accepted Engelder ( 1993 ), however, McGarr ( 1980) reported
't =5.67+6.37*Z for crystalline rock and •m=3.11 +3.90*Z
f~ sedimentary rock, where •m is in MPa and depth Z is in
Km. Accepting this model and assuming a predominant
depth of I 0 Km for the earthquakes the equations give a
value of 0.6937 to 0.4211 Kbars for •m· Our Figure 6, 7 and
8 indicate that these values are easily attainable for a wide
range of shear angle f3. However, our minimum value of •m
has a range of 0.68 to 2.3 Kbars which occur at f3= 60.. This
angle corresponds to the dominant N30.E direction of seismic lineaments.

Fig. II. Variation of O'J with f3, where So=0.5 kbars, <1>=30°,
and 0'2=0.5,1.0,1.5 and 2.0 kbars respectively.

We note that the plots of both •m and O'J as a function of f3
have a "U" shape, and values required for failure are much
larger near the beginning and ending of the "U", while its
width depends on the frictional angle <I>.

SUMMARY AND CONCLUSIONS

Reding ( 1980) calculations for both gravitational sliding and
thermal models gave a range of I * 101 4 to 5 * 10 12 N/m for
the ridge push model depending on method used and parameters adopted. He further assumed a force of I* 10 12 N/m at
the node points of his finite element scheme and a crustal
thickness of 5 Km and obtained 2 Kbars for normal stress
across the North American plate. For larger ridge push forces
the stress may vary from 10 Kbars to 200 Kbars. If we
assume a I 0 km thickness for the rigid upper vrust where a
majority of earthquakes occur, the normal stress will be 5 to
I 00 Kbars. Our analysis indicates that stresses in 5 to 10
Kbars range are attainable for a wide range of shear angle f3,
but stresses in excess of 200 Kbars are only possible for a
narrow range of f3, where f3 is either close to 90° or to the
value of frictional angle, Figure 9, I 0 and 11. But our minimum range of cr 1 varies from 3.23 Kbars to 17.84 Kbars corresponding to his lower estimate of stress in the North
American plate and occurs at f3=60 •. A!;,!ain direction of this
plane is N30.E which is the dominant orientation of observed
seismic lineaments. Thus, it appears that the ridge forces are
sufficient to produce failure and seismicity of the southeastem region of the United States.

Seismicity of the southeastern United States is dispersed, and
the source mechanisms of the major seismic events are still
controversial. In this paper seismicity is attributed to failure
of preexisting weak plane; the intersections of the weak
planes with the earth's surface give positions of the seismic
lineaments. Directions of the lineaments vary considerably
but it has a predominant N30°E orientation.
Orientations of the inferred tectonic stress field in the eastern
seaboard of the United States is not uniquely determined.
Talwani ( 1982) determined a northeast-southwest compressional axis for the recent focal mechanism solutions within
the meizoseismal area of the 1986 Charleston event. Coruh
and others ( 1988) reported a northeast-southwest and a northwest-southeast orientation for the focal mechanism solutions
of shallower and the deeper events in central Virginia respectively. Bollinger and others ( 1991) analyzed 44 earthquake
focal mechanism solutions and reported that a majority of
them exhibit a strike-slip faulting with a northeast-southwest
orientation for the maximum principal stress axes. An analysis of data reported by Zoback and others ( 1991) for the
southeastern region of the United States indicates a dominant
direction of N6o·E. This stress direction will produce failure
on the N30°E orientation which is the observed orientation of
the dominant seismic lineaments. Based on Anderson ( 1956)
theory of faulting from these two directions a frictional angle
of 30•, or a friction coefficient of J.1=0.577 is estimated. As
there is a wide distribution for orientation of both seismic lin-

REFERENCES
Anderson, E. M., 1951, The dynamics of faulting.
Edinburgh, Oliver and Boyd.

624

Barash, P. J., 1986, Neotectonic movement, earthquakes and
stress state in the eastern United States: Tectonophysics
v.132,p.l17-152.

Second International Conference on Recent Advances
in Geotechnical Earthquake Engineering and Soil
Dynamics, paper no.9 .4 p.1289-1295.

Bollinger, G.A., 1981, The Giles County Virginia seismic
Zone. Configuration and hazard assessment, in, Beavers,
J. E., ed., Earthquakes and Earthquake- Engineering
Eastern, United States. Ann Arbor Science Publishers
Inc. Ann Arbor, Michigan.

Nowroozi, A. A., 1993, Seismotectonic map of the southeastern United States, in Proceeding 1993 National
Earthquake Conference:Earthquake Hazard
Reduction in the Central and Eastern United States: A
Time for Examination and Action. v. p.35-44.

Bollinger, G. L., Johnston A., C., Talwani, P., Long, L., T.,
Shedlock, K., M., Sibol and Chapman, M. C., 1991,
Seismicity ofthe southeastern United States; 1698 to
1986, in Slemmons, D. B., Engdahl, E. R., Zoback,
M. D., and Blackwell, D. D., eds., Neotectonics of
North America: Boulder, Colorado, Geological
Society of America, Decade Map Volume 1.

Reding, L. M., 1984, North America plate stress modeling: A finite element analysis, M. S. thesis: Tucson,
University of Arizona. p.111.
Sbar, M. L. and Sykes, L. R., 1973, Contemporary compressive stress and seismicity in eastern North
America; An example of intraplate tectonics:
Geological Society of America Bulletin, v. 84,
p.1861-1882.

Byerlee, J ., 1978, Friction of rocks, Pageoph, v.116
p.61626.

Sbar, M. L. and Sykes, L. R., 1977, Seismicity and lithospheric stress in New York and adjacent areas: Journal
of Geophysical Research, v. 82, p. 5771-5786.

Coruh, C., Bollinger, G. A., and Costain, J. K., 1988,
Seismogenic structures in the central Virginia seismic
zone. Geology, v.l6, p.748-751.

Talwani, P., 1982, An internally consistent pattern of seismicity near Charleston, South Carolina, Geology: v.
10, p. 654-658.

Dewey, J. W., 1985, A review of recent research on the
seismo-tectonics of the southern seaboard and an
evaluation of hypotheses on the sources of the 1886
Charleston, South Carolina earthquake, NUREG/CR4339, United States Nuclear Regulatory Commission.

Talwani, P., 1989, Characteristic features of intraplate
earthquakes and the models proposed to explain
them, in Gregersen, S. and Basham, P. W. eds.,
Earthquakes at North-Atlantic Passive Margins:
Neotectonics and postglacial rebound, Kluwer
Academic Publishers., p.563-579.

Donath, F., A., 1961, Experimental study of shear failure
in anisotropic rocks. Geological Society of America
Bulletin, v. 72, p. 985-990.

Talwani, P., 1990, The use of geophysical lineaments in
the search of locations of intraplate seismicity:
Memoirs Geological Society of India no.12 p. 229235.

Engleder, T, 1993, Stress regimes in the lithosphere.
Princeton University Press, New Jersey, p.457.
Jaeger, J. C., 1962, Elasticity, Fracture and Flow. Methuen
and Co. LTD, London, p.208.

Wentworth, C. M., and Mergner-Keefer M., 1983,
Regenerate faults of small Cenozoic offset-probable
earthquake sources in the southern United States, in
Goben, G. S., ed., Studies related to the Charleston
South Carolina, earthquake of 1886-Tectonics and
seismicity: U.S. Geological Survey Professional
Paper 1313, p.S l-S20.

Jaeger, J. C., and Cook, N., G., W.,1969, Fundamentals of
rock mechanics, Methuen and Co. LTD, London,
p.513.
McKenzie, D. P., 1969, The relation between fault-plane
solutions for earthquakes and the directions of the
principal stresses, Bull. Seism. Soc. Am., v. 59, p.
591-601.

York, J. E., and Oliver, J. E., 1976, Cretaceous and
Cenozoic faulting in eastern North America,
Geological Society of America Bulletin, v. 87, p.
1105-1114.

McGarr, A., 1980, Some constrains on levels of shear
stress in the crust from observation and theory.
Journal of Geophysical Research, v. 85, 6231-6238.

Zoback, M. L., Zoback, M.D., Adams, J., Bell, S., Suter,
M. Suarez, G., Jacob, K., Estabrook, C. and Magee
M., 1991, Stress map ofNorthAmerica, Geological
Society of America, scale 1:5,000,000.

Nowroozi, A. A., 1991, Statistical relations between
intensity and magnitude of Southeastern United
States Earthquakes, in Prakash, S. ed., Proceedings:

625

